Objective: Previous work suggests that patients with unipolar depression may have structural as well as functional abnormalities in limbic-thalamic-cortical networks, which are hypothesized to modulate human mood states. A core area in these networks is the hippocampus. In the present study, differences in volumes of hippocampal gray and white matter between patients with a first episode of major depression and healthy comparison subjects were examined.
ports in humans have shown that defects in the medial temporal lobe region, including the hippocampal formation, are associated with a severe and global amnesia (1) (2) (3) . Aside from its well-documented contribution to learning and memory, the hippocampal formation plays a critical role in the regulation of motivation and emotion (4) . The hippocampus is a core region in the limbic system and has widespread connections to diverse cortical areas, like the prefrontal cortex, anterior thalamic nuclei, amygdala, basal ganglia, and hypothalamus (5) , all of which are regions known to constitute the neuroanatomical network of mood regulation (6) (7) (8) . Therefore, the hippocampus might be involved in the pathogenesis of major depression.
Until now, structural magnetic resonance imaging (MRI) studies of the hippocampal formation in patients with unipolar major depression have revealed conflicting results, which may be explained partly by differences in clinical and demographic variables of the various study designs. For example, some studies were conducted among elderly patients with depression and others among younger patients with depression.
Investigations of patients with geriatric depression or of elderly patients with recurrent episodes have consistently indicated that there are structural changes in the hippocampal formation. A finding of decreased T 1 relaxation time in the hippocampus of elderly patients with unipolar depression has supported this finding (9) . Moreover, Sheline et al. (10) reported smaller hippocampal gray matter volumes in patients with recurrent depression and described a negative correlation with cumulative illness duration. This finding was recently replicated in a larger sample of patients (11) . Furthermore, patients with geriatric depression have shown tendencies to have smaller right and left hippocampal volumes (12) . We know of only one study (13) that did not find significantly different hippocampal volumes in patients with geriatric depression. However, this study did not match patients for age and education.
With respect to samples of younger patients with recurrent depressive episodes, the literature is inconsistent. Vakili et al. (14) did not find significant differences in hippocampal volumes in younger patients (<60 years old) with major depression. However, other investigations have shown significantly smaller left hippocampal volumes in patients with unipolar major depression (15) or drugresistant episodes of major depression (16) .
Taken together, studies of geriatric depression or elderly patients with recurrent episodes seem to find smaller hippocampal volumes, whereas results of studies among younger patients are inconsistent. Until now, studies of patients with first-episode depression have not been available, to our knowledge.
Another explanation for the conflicting results in the literature might be differences in methods concerning the anatomical definitions within the limbic region. For example, earlier studies that did not separate the hippocampus and the amygdala did not find significant differences between patients with depression and age-matched comparison subjects (17) (18) (19) (20) . It seems to be of interest in this context that amygdala volumes were found to be enlarged in patients with major depression (15, 21) as well as in patients with temporal lobe epilepsy and dysthymia (22) . This fact indicates that the overall volume of the amygdala-hippocampal formation might not be altered in depression but that the volume of the amygdala is larger, while that of the hippocampus is smaller.
The aim of the present study was to compare the hippocampal formation in patients at the time of their first depressive episode to that in matched healthy comparison subjects. We know of no studies to date that have investigated first-episode depression. It is important to determine whether a smaller hippocampal volume predisposes an individual to the development of depression.
Method

Subjects
Thirty inpatients with a first episode of major depression seen in the Department of Psychiatry in Ludwig-Maximilians University in Munich were recruited (mean age=40.3 years, SD=12.6, range=18-59) ( Table 1) . Psychiatric diagnoses based on DSM-IV criteria were determined by a consensus of at least two psychiatrists. Mean duration of illness was 0.71 years (SD=0.9). All subjects were examined by an experienced psychiatrist using a standardized questionnaire. Clinical variables were documented by using the Clinical Global Impression (CGI) scale and the 21-item Hamilton Depression Rating Scale.
For comparison, 30 healthy subjects were matched in a one-toone fashion with respect to age (mean=40.6 years, SD=12.5, range=19-58), gender, handedness, and educational level with the patients. Moreover, the groups did not differ with regard to height and daily alcohol consumption. Individual age pairings were such that the widest age difference in a pair was 4 years (two pairs). Neither the healthy comparison subjects nor their firstdegree relatives had a history of neurological or mental illness. Exclusion criteria for patients and comparison subjects were previous head injury, cortisol or benzodiazepine medication in the previous 3 months, neurological diseases, and comorbidity with other mental illnesses. Handedness was determined by the Edinburgh Inventory (23) .
After a complete description of the study was given to the patients with first-episode major depression and the healthy comparison subjects, written informed consent was obtained. The study design was approved by the local ethics committee and was prepared in accordance with the ethical standards laid down in the Declaration of Helsinki.
MRI Procedures
MRI images were obtained (1.5-T Magnetom Vision, Siemens, Erlangen, Germany) by using a coronal T 2 proton-densityweighted dual-echo sequence (TR=3710 msec, TE=22/90 msec, total acquisition time=9 minutes, number of acquisitions=1, field of view=230 mm, matrix=240×256, slice thickness=3 mm) and a three-dimensional magnetization-prepared rapid gradient echo sequence (TR=11.6 msec, TE=4.9 msec, total acquisition time=9 minutes, number of acquisitions=1, field of view=230 mm, matrix=512×512, slice thickness=1.5 mm). The commercial software package Analyze (ANALYZE, Biomedical Imaging Resource, Mayo Foundation, Rochester, Minn.) was used for further image processing, with size reduction from 16 to 8 bits and transformation to a uniform matrix of 256×256 on 192 slices of 1.0-mm slice thickness. All data sets were realigned and resampled three dimensionally on the anterior commissure-posterior commissure line according to the coordinates of Talairach with the software program BRAINS (Brain Research: Analysis of Images, Networks, and Systems, developed by Andreasen et al. [24] ). Regions of interest were marked with the aid of an interactive cursor-guided system on a computer display of coronal MRI images. BRAINS allowed the regions of interest to be controlled on sagittal and transverse sections simultaneously and allowed segmentation for calculation of the intracranial content and the gray and white matter volumes (cm 3 ) within the defined region of interest.
Definition of the Hippocampal Formation
We used the definition of the hippocampus ( Figure 1 , A-F) according to Niemann et al. (25) and the detection of the hippocampal-amygdala border from the description of Convit et al. (26) . On each scan we began with the most posterior coronal slice in which the hippocampus was clearly detectable (Figure 1, B) . Both the fimbria and the subiculum were included in the measurement. More anterior, the hippocampal body and the intralimbic sulcus can be seen ( Figure 1 , C, D). The shape of the hippocampus can be compared with a rabbit with the head directed vertically, separating the medial ambient cistern from the temporal horn of the lateral ventricles (Figure 1 , E). The uncal sulcus then separates the uncus from the underlying parahippocampal gyrus and forms the basal border of the hippocampus. The amygdala-hippocampal transition zone (5) appears as a diffuse area of gray matter between the anterior portion of the hippocampus and the posterior portion of the amygdala (Figure 1, F) . This structure can be identified most reliably in the axial plane. This 
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area was transected at its narrowest point. The frontal cleft was used to differentiate the anterior hippocampal head and the amygdala. If the frontal cleft was not visible, the myelin layer of the alveus was used for differentiation from the amygdala. This boundary between hippocampus and amygdala is clearly detectable in the sagittal plane (Figure 1, G) . The anterior part of the hippocampus ends where the cornu inferius of the lateral ventricle becomes vertically oriented.
For determination of interrater reliability, 10 brains were randomly chosen, and regions of interest were determined by two raters (T.F., T.Z.) independently (intraclass correlation for interrater reliability of hippocampal gray matter: r=0.97, df=9, p<0.0001; hippocampal white matter: r=0.82, df=9, p=0.008). For intrarater reliability, 10 brains were selected 4 weeks apart by one rater (T.F.) (intraclass correlation for intrarater reliability of hippocampal gray matter: r=0.96, df=9, p<0.0001; hippocampal white matter: r=0.93, df=9, p=0.0002).
Statistical Analyses
Morphometric data were normally distributed. They were subjected to a repeated measurement analysis of covariance (ANCOVA) assessing the main and interaction effects of the within-subjects factors hemisphere (left, right) and the betweensubjects factors diagnosis (depression, comparison) and gender (female, male) by using total cranial volume as the cofactor. Significant interactions were resolved by univariate ANCOVAs on the hippocampal volumes for each region and diagnostic group, whereby total cranial volume was controlled. Dependent Student's t tests were used for post hoc analysis of left-right hemispheric differences. Pearson's product-moment correlations were used to explore the relationship between hippocampal volumes and age, age at onset of illness, as well as illness duration.
Results
An overview of the demographic characteristics is given in Table 1 . Patients with a first episode of major depression did not differ significantly from healthy comparison subjects with respect to age, gender, handedness, education, height, weight, and alcohol consumption. Furthermore, these variables also did not significantly differ between both male and female patients with first-episode depression and their matched healthy comparison subjects. Male and female patients did not differ according to age, age at onset of illness, illness duration, or severity of depression, as measured by the CGI and the Hamilton depression scale. Additionally, there was no significant difference in total brain volumes between patients and comparison subjects.
Gray Matter Hippocampal Volume
The brain volumetric data are shown in Table 2 . No significant main effects on hippocampal gray matter volume were found for diagnosis (F=0.001, df=1, 55, p=0.99). The interaction between diagnosis and gender was significant (F=5.25, df=1, 55, p<0.03). Figure 2 depicts the individual values for men and women. Post hoc univariate ANCOVA revealed that male patients with a first episode of depression had a significantly smaller left hippocampal volume than the healthy male comparison subjects (F=6.36, df=1, 25, p<0.02), whereas the right hippocampal volume was not significantly different (F=0.12, df=1, 25, p=0.73). On the other hand, female patients with a first episode showed a tendency to have a significantly larger right hippocampal volume than female healthy comparison subjects (F=3.81, df=1, 33, p=0.06), whereas no significant differences were detected for the left hemisphere (F=1.66, df=1, 33, p=0.22). The main gender effect was significant, with male subjects having greater hippocampal gray matter volume than female subjects (F=8.34, df=1, 55, p=0.006). The hemisphere effect (F=5.58, df=1, 55, p=0.02) and the interaction of diagnosis and hemisphere (F=8.13, df=1, 55, p=0.006) were significant. Post hoc analysis revealed a significant leftright asymmetry in the first-episode patients (t=3.72, df= 29, p=0.001), whereas the healthy comparison subjects did 
White Matter Hippocampal Volume
Diagnosis had a significant effect on hippocampal white matter volumes (F=7.54, df=1, 55, p=0.008). First-episode patients with major depression exhibited a significantly smaller hippocampal white matter volume than healthy comparison subjects (Figure 3 ). Furthermore, a significant main effect was found for hemisphere (F=6.11, df=1, 55, p<0.02), whereas the interactions of hemisphere and diagnosis (F=2.88, df=1, 55, p<0.10) and of hemisphere and gender (F=1.91, df=1, 55, p=0.17) were not significant. No significant main gender effect was found (F=0.54, df=1, 55, p=0.47).
Clinical Variables
Pearson's correlations between age and hippocampal volumes were not significant for either healthy comparison subjects or patients with depression. Furthermore, age at onset of illness and illness duration were not significantly correlated with hippocampal volumes. Inclusion of the cofactor age in a partial correlation also did not produce a significant relationship between age at onset of illness or duration of illness and hippocampal volume.
Discussion
The present study investigated structural abnormalities of the hippocampus in patients during their first episode of major depression in order to determine whether structural changes in this core region precede the first manifestation of depression. To our knowledge, this is the first study to examine with high-resolution in vivo MRI hippocampal volumes in male and female patients affected by a first episode of major depression.
Our data suggest that male patients with a first episode of major depression have significantly smaller left hippocampal total and gray matter volumes than healthy male comparison subjects. This seems to conflict with epidemiologic studies that have consistently shown that the prevalence of major depression is greater in female than in male patients (27, 28) . The greater prevalence in female patients does not seem to be due either to differences in rates of reported stressful life events or to differential sensitivity to their pathogenetic effects (29) . However, some studies have indicated gender differences in the development of the brain and its reaction to stress and neurotoxic substances.
Gender differences in the development and functional organization of the brain are well known (30, 31) . Moreover, a substantial number of brain diseases seem to affect male patients more severely than female patients. For example, previous studies have shown that male patients with temporal lobe epilepsy have more pronounced brain atrophy than female patients and may be more vulnerable to seizure-associated brain abnormalities (32) . One possible explanation for gender-specific findings might be the neuroprotective effects of estrogens, which were shown in animal studies (33, 34) and in investigations of stroke patients (35) and by the fact that testosterone exacerbates vulnerability to neurotoxic processes (36). Experimental studies have revealed decisive gender differences concerning the variety of stress conditions that lead to experimental depression. Of interest, while defeat stress leads to reduced weight gain and increased adrenal and plasma corticosterone levels only in male rats, social instability stress reduces weight gain and induces thymus involution, adrenal hypertrophy, and elevated plasma corticosterone levels only in female rats (37) .
In contrast to our findings, Sheline and colleagues (11) demonstrated a direct relationship between both age and hippocampal changes and cumulative illness duration and hippocampal changes in recurrent depression. However, as cumulative illness duration was very low in our first-episode patients who had a small range of duration, we could not necessarily expect to detect a significant correlation of duration and hippocampal volume.
The finding that there is no asymmetry in volumes of the normal human hippocampus is confirmed by anatomical investigations (38) . Of interest, left-right asymmetry effects were detected in both male and female patients with a first depressive episode. This left-right asymmetry may be supported by MRI investigations that found-although not statistically tested-19% volume reductions in the left in comparison to 12% in the right hippocampus (15) . It is tentative to speculate that the left-right asymmetry found in our first-episode patients might indicate the beginning of volume loss in the area of the left hippocampus.
To our knowledge, the present study also demonstrated for the first time a significantly smaller hippocampal white matter volume in both male and female patients with a first depressive episode in relation to comparison subjects. White matter of the hippocampal formation constitutes only 3% of the total hippocampal formation. The white matter of the hippocampal formation reflects the outgoing fibers of the fimbria and intrahippocampal white matter connections. The outgoing fimbria fibers connect the hippocampal formation with additional structures of the limbic system, which are known as the circuit of Papez (39). Alterations of these connections might favor cognitive as well as emotional disturbances during depression, although there might not be a direct relationship to severity of depression and hippocampal volume in our study. These white matter changes may be the result of an axonal reduction due to cell loss or to primary dystrophic changes of the myelin sheets. Studies of white matter volume reduction may be of special interest because alterations of neurons may influence white matter volume to a greater extent than gray matter volume. In this respect, white matter atrophy could be an indirect indicator of nerve cell loss, since the volume of a nerve cell is much smaller than its myelinated fiber (40) .
Two major causal relationships between depression and hippocampal changes have to be considered. Firstly, hippocampal volume loss could result during the acute depressive episode from dynamic state factors, like vascular hypoperfusion, or trait factors, like cell loss or atrophy due to toxic substances. The numbers of apical dendritic branch points and the length of apical dendrites in hippocampal neurons, particularly in laminar CA3, have been shown to decrease during prolonged stress in animals studied by means of glutamatergic toxic effects. This effect is glucocorticoid dependent and can emerge after a few weeks of overexposure in rodents (41) (42) (43) . However, the finding that the primate hippocampus, in contrast to the rat brain, has a high density of mineralocorticoid receptors (44) might indicate that this glucocorticoid theory be considered with caution, because mineralocorticoid receptors may serve a neuroprotective role in response to excitotoxic challenges (45) . Another possible mechanism might be that the down-regulated expression of brain-derived neurotrophic factor in response to acute and repeated immobilization stress could contribute to atrophy and, in extreme cases, death of stress-sensitive CA3 pyramidal neurons in the hippocampus (46) . Furthermore, increased expression of the receptor TrkB, which mediates the action of brain-derived neurotrophic factor, seems to serve to protect hippocampal neurons from damage (47) .
Second, it cannot be excluded, although it is highly speculative with regard to the present level of our knowledge, that stressful life events or other biologically effective factors that influence neuronal development (like pre-, peri-, or postnatal infections) may change hippocampal structures in a way that would render confounded subjects more vulnerable to the development of depressive diseases.
We found reductions of hippocampal volumes in male patients and hippocampal left-right asymmetry as well as reduced white matter hippocampal fibers in male and female patients that are in line with the neuroanatomical model of mood regulation, which supposes a role for the interaction of the hippocampus and other brain areas in the pathogenesis of depression. However, it is unclear to what extent the duration of the first episode already had influenced the hippocampus. Thus, longitudinal studies should investigate if or to what extent structural alterations in major depression predispose subjects to depression or are the result of the ongoing disease due to stressrelated toxicity.
